A growing body of evidence suggests that autism spectrum disorders (ASDs) are related to altered communication between brain regions. Here, we present findings showing that ASD is characterized by a pattern of reduced functional integration as well as reduced segregation of large-scale brain networks. Twentythree children with ASD and 25 typically developing matched controls underwent functional magnetic resonance imaging while passively viewing emotional face expressions. We examined whole-brain functional connectivity of two brain structures previously implicated in emotional face processing in autism: the amygdala bilaterally and the right pars opercularis of the inferior frontal gyrus (rIFGpo). In the ASD group, we observed reduced functional integration (i.e., less long-range connectivity) between amygdala and secondary visual areas, as well as reduced segregation between amygdala and dorsolateral prefrontal cortex. For the rIFGpo seed, we observed reduced functional integration with parietal cortex and increased integration with right frontal cortex as well as right nucleus accumbens. Finally, we observed reduced segregation between rIFGpo and the ventromedial prefrontal cortex. We propose that a systems-level approach-whereby the integration and segregation of large-scale brain networks in ASD is examined in relation to typical development-may provide a more detailed characterization of the neural basis of ASD.
Introduction
Autism spectrum disorders (ASDs) are pervasive neurodevelopmental disorders characterized by atypical social behavior, delayed and/or abnormal verbal and nonverbal communication, as well as unusual patterns of repetitive behaviors and restricted interests. While the neurobiological basis for ASD remains largely unknown, it has been hypothesized that disruption of the initial architecture and connectivity of local circuits in individuals with ASD may alter the experiencedependent maturation of large-scale brain networks required for integrative processing (Belmonte et al. 2004; Just et al. 2004; Courchesne and Pierce 2005; Geschwind and Levitt 2007; Mundy et al. 2009 ). Thus, developmental abnormalities in ASD may prevent the typical reorganization of neuronal connections into functionally integrated networks that are crucial for facilitating complex social behavior.
Functional neuroimaging studies have generally focused on differences in regional brain activation among individuals with ASD while processing social and emotional stimuli. More specifically, abnormal activity has been reported in specialized regions or networks such as the amygdala (emotion processing; e.g., Baron-Cohen et al. 1999; Dalton et al. 2005) , fusiform gyrus (face processing; e.g., Pierce et al. 2004; Schultz 2005) , superior temporal sulcus (biological motion; e.g., Pelphrey and Carter 2008) , inferior frontal gyrus (mirror neuron system [MNS] ; e.g., Dapretto et al. 2006; Oberman and Ramachandran 2007) , medial prefrontal cortex (theory of mind; e.g., Castelli et al. 2002; Wang et al. 2007) , and precuneus (default mode network [DMN] ; e.g., Kennedy and Courchesne 2008a) . A recent metaanalysis of functional activation studies in ASD identified areas consistently hypoactivated during social and emotional information processing which included amygdala, inferior frontal gyrus, and higher order association areas such as medial prefrontal cortex ). Additionally, the meta-analysis found that individuals with ASD tended to hyperactivate primary sensory areas such as postcentral gyrus, superior temporal gyrus, and inferior occipital gyrus. Hyperactivation of primary sensory areas and hypoactivation of association areas may reflect a bottleneck of information flow that prevents appropriate integration of incoming sensory information important for social behavior. While regional characterizations of brain dysfunction in ASD have informed our initial understanding of the neurobiological underpinnings of this disorder, a systems-level approach that characterizes communication within and between different brain networks should provide further insight.
In recent years, neuroimaging studies of autism have begun to focus on functional connectivity between different brain networks. In an early baseline glucose metabolism study using positron emission tomography (PET), Horwitz et al. (1988) first reported reduced correlations among frontal and parietal cortices in individuals with autism. Later, in a theory of mind PET study involving mental attributions of animated shapes, Castelli et al. (2002) found reduced connectivity between extrastriate visual cortex and the superior temporal sulcus in adults with ASD. They suggested that dysfunction in the interaction between higher and lower order perceptual processes may be related to the behavioral manifestations of autism. In a later functional magnetic resonance imaging (fMRI) study, Just et al. (2004) found reductions in connectivity strengths between higher level association areas engaged during a sentence comprehension task in high-functioning individuals with ASD. Although their analyses found reduced connectivity in relatively few of the many pairwise connections examined, the authors proposed that the underdevelopment of integrative circuitry as indexed by widespread anterior--posterior underconnectivity could be responsible for all higher level cognitive deficits in autism. Further studies in individuals with ASD have supported this claim, reporting evidence of underconnectivity between task-activated regions, particularly for frontoparietal connections, during tasks involving working memory (Koshino et al. 2005) , visuomotor coordination (Villalobos et al. 2005) , visual imagery , executive functioning ), response inhibition ), face processing (Kleinhans et al. 2008) , and theory of mind (Kana et al. 2009 ).
Recent imaging studies performed in the absence of an overt cognitive task (i.e., during ''resting-state'') have established that synchronized low frequency ( <0.1 Hz) spontaneous fluctuations in neuronal activity are present across different brain regions (Biswal et al. 1995; see Fox and Raichle 2007, for review) . These findings suggest that the brain is intrinsically organized into several large-scale interactive functional networks during both rest and task conditions (Calhoun et al. 2008; Smith et al. 2009) . A growing number of resting-state studies examining the DMN (Raichle et al. 2001 ) have reported reduced connectivity in this network in individuals with ASD Kennedy and Courchesne 2008b; Monk et al. 2009; Assaf et al. 2010; Weng et al. 2010) . Dysfunction of the DMN in ASD is consistent with the social deficits observed in ASD and the DMN's known role in social cognition (e.g., Iacoboni et al. 2004; Andrews-Hanna et al. 2010) . However, the DMN does not function independently of other systems and is unlikely to be the only affected system in autism given the array of both social and cognitive impairments as well as non-DMN brain regions implicated in the disorder.
Although there have been consistent reports of reduced frontoparietal connectivity in ASD during both rest and task (e.g., Just et al. 2007; Kennedy and Courchesne 2008b) , other studies have found evidence of overconnectivity within thalamocortical (Mizuno et al. 2006 ) and striatocortical circuits (Turner et al. 2006; Di Martino et al. 2010) , as well as greater corticocortical connectivity (Noonan et al. 2009; Shih et al. 2010) . Thus, in contrast with a general underconnectivity theory, it has been argued that underconnectivity is likely not a general feature of the autistic brain; rather, it may depend on the specific regions and networks being examined as well as the networks engaged by the task being performed.
In parallel with reports of altered functional connectivity in autism, investigators have begun to map the typical development of functional brain networks (see Uddin et al. 2010, for review) . Using a variety of methodological approaches, several groups have reported that during development, functional brain networks show increases in long-range functional connectivity among nodes of a given network (i.e., functional integration) as well as reduced local (i.e., intralobar) positive connectivity among nodes in different networks (i.e., functional segregation; Fair et al. 2008 Fair et al. , 2009 Kelly et al. 2009; Stevens et al. 2009; Supekar et al. 2009; Dosenbach et al. 2010) . Studies in neurotypical individuals have also highlighted the role of functional segregation as measured through anticorrelations between distinct brain networks (Fox et al. 2005 Fransson et al. 2005; Kelly et al. 2008; Stevens et al. 2009 ). Most prominently, the internally directed default mode or ''task negative'' network has been shown to display an anticorrelated relationship with the externally directed ''task positive'' or attentional control network. Increased anticorrelations (i.e., reduced connectivity), interpreted as increasing segregation, between these networks have been observed across typical development ) and in adults who displayed superior behavioral performance (Kelly et al. 2008; Hampson et al. 2010) . Despite recent controversy regarding the proper interpretation of anticorrelations (Murphy et al 2009 ; see a discussion of this issue in Supplementary Material), it has been suggested that investigating functional segregation, as measured by antagonistic relationships between large-scale networks, such as the default mode and task-positive networks, may provide a better understanding of the neural basis of social communication deficits in ASD than functional integration alone (Uddin and Menon 2009 ). However, this hypothesis has largely been unexplored (Kennedy and Courchesne 2008b) .
Although resting-state studies have become the standard way to probe functional connectivity, examining connectivity of networks engaged during cognitive tasks should provide information about network functioning that is complementary to resting-state and task activation studies (Stevens 2009 ). In the present study, we sought to examine functional integration and segregation of large-scale brain networks involved in social and emotional information processing in children and adolescents with ASD by performing whole-brain connectivity analyses of fMRI data acquired during an emotion processing task using seed regions that have previously been reported to display aberrant activation during socially relevant tasks.
It is well established that the amygdala plays a central role in emotion processing (LeDoux 2000) . Findings of dysfunctional emotional face processing (Baron-Cohen et al. 2000; Adolphs et al. 2001) , as well as diminished amygdala functional activation (Baron-Cohen et al. 1999; Critchley et al. 2000) led to an early theory of amygdala dysfunction in autism (Baron-Cohen et al. 2000) . Although initial studies documented amygdala hypoactivation, later functional studies have found amygdala hyperactivation (Dalton et al. 2005; Monk et al. 2010) , which was related to eye fixation patterns (Dalton et al. 2005) . Additional studies have documented structural abnormalities (Munson et al. 2006; Nacewicz et al. 2006; Schumann et al. 2009 ) as well as reduced functional connectivity between the amygdala and both the fusiform face area (Kleinhans et al. 2008 ) and the anterior insula (Ebisch et al. 2010) . Thus, further characterization of amygdala connectivity may be useful for understanding emotion processing deficits in ASD.
In addition to the amygdala's role in emotion processing, it is known that higher order networks, including the MNS and the salience network, are involved in social and emotional information processing. The salience or cinguloopercular network Seeley et al. 2007 ) is a taskpositive network that includes the anterior cingulate and anterior insula and has been described as being involved in regulating behavior through monitoring homeostatic and sensory stimuli (Seeley et al. 2007; Craig 2009 ). The MNS, which includes the inferior frontal gyrus, pars opercularis (IFGpo) and inferior parietal lobule (IPL), is believed to allow for simulation of shared motor representations between self and others (see Rizzolati and Fabbri-Destro 2010, for review) . Consistent with the hypothesized role of the salience network, the MNS has been hypothesized to connect higher level association areas with the limbic system (including the amygdala) through the anterior insula (Jabbi and Keysers 2008) , allowing for an intuitive understanding of one's own and others' emotions (Carr et al. 2003; Leslie et al. 2004 ). Measures of empathetic behavior and interpersonal competence have been found to positively correlate with activity in the IFGpo, anterior insula, and amygdala (Pfeifer et al. 2008) . Numerous studies have reported structural and functional abnormalities in these higher order networks in individuals with ASD (e.g., Villalobos et al. 2005; Dapretto et al. 2006; Hadjikani et al. 2006 Hadjikani et al. , 2007 Ebisch et al. 2010) .
Given the known roles of the amygdala and IFGpo in social and emotional information processing, as well as consistent reports of dysfunction of these regions and associated systems in ASD ), we used these structures as seeds for whole-brain connectivity analyses in children and adolescents with ASD. We chose to examine connectivity during an emotional face processing task known to engage these networks in order to further tap into the functioning of this circuitry. We predicted that children and adolescents with ASD would show reduced long-range functional connectivity/ integration of networks examined using these seed regions. We also predicted that there would be reduced segregation between distinct functional networks in individuals with ASD as measured by increased local connectivity as well as reduced anticorrelations.
Materials and Methods

Participants
High-functioning children and adolescents with ASDs and typically developing (TD) children and adolescents were recruited through referrals from the University of California, Los Angeles (UCLA) Autism Evaluation Clinic and/or through flyers posted throughout the greater Los Angeles area. Six subjects (20% of the total sample) with ASD and 3 TD subjects (10% of the total sample) were scanned but not included in analyses due to excessive head motion ( >3 mm maximum relative head motion and/or no activation in primary visual cortices). The final matched groups consisted of 23 high-functioning children and adolescents (2 females) with ASD and 25 TD children and adolescents (3 females). The groups did not differ significantly in age, head motion, Full Scale IQ, Verbal IQ, or Performance IQ as assessed by the Wechsler Abbreviated Scale of Intelligence-Revised (Wechsler 1999) or Wechsler Intelligence Scale for Children-Third Edition (see Table 1 for sample characteristics). Although the groups did not significantly differ by age or IQ, these variables were included as covariates in additional between-group analyses to examine how they may have affected our results; these analyses showed that covarying for age or IQ did not alter any of the observed between-group differences, thus these results are not reported. For the ASD group, prior clinical diagnosis of autism or ASD was confirmed by the Autism Diagnostic Observation Scale (ADOS-G) and/or Autism Diagnosis Interview (ADI-R; Lord et al. 1994 Lord et al. , 2000 . Nineteen of the children with ASD met criteria for autism as defined by the ADI-R and all children in the ASD group met criteria for autism or autism spectrum disorder as defined by the ADOS. Seventeen participants with ASD and all TD participants reported no current medication use. For the remaining 6 participants with ASD, medication use was unknown. All participants reported no history of neurologic disorders (including head injury, stroke, tumor, and seizures), psychiatric disorders (e.g., schizophrenia, attention-deficit/ hyperactivity disorder), or other brain abnormalities. Subjects and parents provided written consent according to the guidelines specified by the Institutional Review Board at the University of California, Los Angeles.
Experimental Design
Participants underwent a rapid event-related fMRI paradigm in which faces with different emotional expressions were displayed. Subjects were asked to ''just look at the expression on each face.'' The experimental design was the same as the observation run used in our previous studies in children with ASD (Dapretto et al. 2006 ) and TD children (Pfeifer et al. 2008 (Pfeifer et al. , 2011 . Ten of the children with ASD and 5 of the TD children from Dapretto et al. (2006) overlapped with subjects used in this study. Subjects were presented with 80 full color faces from the NimStim facial expressions stimulus set (Tottenham et al. 2009 ). The scan consisted of 96 events whereby each emotion (neutral, happy, sad, fearful, and angry) as well fixation crosses (null events) were displayed for 2 s with an average intertrial interval of 3 s. The fixation crosses were displayed at eye level in order to direct attention to the eyes as this has previously been shown to increase fixation to the eyes and normalize activity in both amygdala and fusiform gyrus (e.g., Hadjikhani et al. 2004 ). The order of presentation of all events was optimized and jittered (jitter ranging from 500 to 1500 ms in 125 ms increments) to maximize contrast detection efficiency (Wager and Nichols 2003) .
The patterns of regional activity observed in both TD and ASD children (see Supplementary Fig. 1 ) closely resembled those previously obtained in prior studies using the same activation paradigm (Dapretto et al. 2006; Pfeifer et al. 2008 Pfeifer et al. , 2011 , including robust activity in visual cortices, amygdala, IFG, and hippocampus.
Data Acquisition
The MRI data were acquired on a Siemens 3.0 T Allegra MRI scanner. Stimuli were presented through a computer connected to a highresolution magnet-compatible audio and goggle system (Resonance Technology, Inc.). A 2D spin-echo scout localizing scan (time repetition [TR] = 4000 ms, time echo [TE] = 40 ms, matrix size 256 3 256, 4 mm thick, 1 mm gap) was acquired and used for graphic prescription. A matched bandwidth T 2 -weighted highresolution echo planar scan (TR = 5000 ms, TE = 33 ms, matrix size 128 3 128, field of view [FoV] = 20 cm, 36 slices, yielding an in-plane voxel dimension of 1.5 3 1.5 mm, with 4-mm thick slices) was acquired coplanar to the functional scan in order to ensure identical distortion characteristics to the fMRI scan. The functional blood oxygenation level--dependent MRI scan lasted 4 min 54 s (TR = 3000 ms, TE = 28 ms, matrix size 128 3 128, FoV = 20 cm, 36 slices yielding an in-plane voxel dimension of 3 3 3 mm with 4-mm thick axial slices).
Functional Connectivity MRI Data Analysis
Data were analyzed using FSL version 4.1.4 (FMRIB's Software Library, http://www.fmrib.ox.ac.uk/fsl; Smith et al. 2004 ) and AFNI (Analysis of The Harvard--Oxford bilateral amygdala (25% probability) and rIFGpo (25% probability) used as seed regions and displayed on the 1mm MNI152 T1 standard brain. (B) TD within-group connectivity maps, (C) ASD within-group connectivity maps, and (D) direct between-group contrasts rendered on the Inflated PALS B12 brain using CARET and on the 1mm MNI152 T1 standard brain using AFNI. Maps are thresholded at Z [ 2.3 (P \ 0.01) with correction for multiple comparisons applied at the cluster level (P \ 0.05). Red circles highlight areas of greater positive connectivity with the seed region for the TD group. Blue circles highlight areas of greater negative connectivity with the seed region for the TD group. Purple circles highlight areas of greater positive connectivity with the seed region for the ASD group. Cox 1996) . Structural and functional images were skull stripped using AFNI (3dskullstrip and 3dautomask, respectively). Functional volumes were motion-corrected to the average functional volume with MCFLIRT using a normalized correlation ratio cost function and sinc interpolation (Jenkinson et al. 2002) . Translations and rotations in the x, y, and z dimensions were calculated from volume to volume and then collapsed into mean absolute (compared with the average functional volume) and relative (compared with the previous volume) displacements. Images were spatially smoothed (full-width at half maximum 5 mm) and temporally high pass filtered (t > 0.01 Hz). Time-series statistical analysis was carried out according to the general linear model using FEAT (FMRI Expert Analysis Tool), Version 5.98. For each subject, we first regressed out nuisance covariates, including 6 rigid body motion parameters and average white matter (WM), cerebrospinal fluid (CSF), and global time-series. The WM and CSF time-series reflected signal from subject-specific regions of interest (ROIs) created using FAST (FSL's Automatic Segmentation Tool). The residuals from the previous step were aligned to high-resolution coplanar images via an affine transformation with 6 degrees of freedom and then aligned to the standard Montreal Neurological Institute (MNI) average of 152 brains using an affine transformation with 12 degrees of freedom using FMRIB's Linear Image Registration Tool (FLIRT). In order to examine whole-brain connectivity with nodes of interest, we used anatomically based ROIs from the Harvard--Oxford probabilistic atlas (thresholded at 25% probability): the bilateral amygdala ( Fig. 1 top panel, A) and the right IFGpo (rIFGpo) (BA 44; Fig. 1 bottom panel, A) . We chose to focus on the right IFGpo given that previous studies on the processing of facial affect reported greater activity and/or more robust group differences in this region (Dapretto et al. 2006; Hadjikhani et al. 2007; Uddin et al. 2008 ). We extracted time-series from our ROIs for each subject and correlated them with every voxel in the brain to generate connectivity maps for each subject and ROI. Individual correlation maps were converted into z-statistic maps using Fischer's r to z transformation and then combined at the group level using the ordinary least squares method. For a complete list of anatomical regions positively and negatively connected to the seeds, as well as the peak voxel in MNI coordinates and Z-statistics, see Tables 2 and 3 .
Analyses without Global Signal Regression and with Task Regression
To address the methodological concern related to anticorrelations and using global signal regression as a preprocessing step (see Murphy et al. 2009; Jones et al. 2010) , we performed all analyses with and without global signal regression. Each of the major patterns of between-group differences was also present when global signal regression was not used (see Supplementary Material and Figs. 2 and 3 for a more thorough discussion of the analysis without global signal regression).
Additionally, we wanted to examine whether we could isolate connectivity differences that were task-dependent versus those that were due to underlying intrinsic connectivity. In order to do this, we ran all analyses using residuals from a general linear model that included task stimulus timings for each type of emotional expression convolved with 4 basis functions generated with FLOBS (FSL's Linear Optimal Basis Function) and by applying a low pass filter (t < 0.1 Hz; Jones et al. 2010) . Again, we did not observe substantial qualitative differences with this approach (see Supplementary Fig. 4) , which may reflect the fact that this method does not completely remove task effects and/or that measured connectivity may largely be due to intrinsic connectivity (see Supplementary Material). Given that the results may be partially driven by the task regardless of this approach, we present all results without task regression or low pass filtering (and global signal regression) and discuss group differences as a combination of task-related and intrinsic connectivity.
Thresholding and Visualization of Segregated Networks
All within-and between-group connectivity maps were thresholded at Z > 2.3 (P < 0.01) and corrected for multiple comparisons at the cluster level (P < 0.05) using Gaussian random field theory. For between-group comparisons of connectivity maps, ASD > TD for positive connectivity is the same as TD > ASD for negative connectivity. Therefore, in order to identify and interpret 4 potential types of group differences (TD > ASD for regions of positive connectivity, TD > ASD for regions of negative connectivity, ASD > TD for regions of positive connectivity, ASD > TD for regions of negative connectivity), we masked the group difference maps by the respective TD and ASD within-group positive and negative connectivity maps.
Results
Bilateral Amygdala Seed
Within-Group Positive Connectivity
In the TD group, activity in bilateral amygdala was positively correlated with activity in portions of the temporal lobe including the hippocampus, inferior temporal gyrus, and fusiform gyrus as well as basal ganglia and thalamus ( Fig. 1  top panel, B ; Table 2 ). Bilateral amygdala activity was also correlated with activity in frontal regions including the orbitofrontal gyrus and IFG pars orbitalis, as well as occipital regions including the lingual gyrus, occipital poles, and MT/V5 complex ( Fig. 1 top panel, B ; Table 2 ). For the ASD group, activity in bilateral amygdala was positively correlated with a similar network as the TD group except for the bilateral occipital poles and left fusiform gyrus ( Fig. 1 top panel, C; Table 2 ). The ASD group also displayed positive connectivity between the bilateral amygdala and the left middle temporal gyrus ( Fig. 1 top panel, C; Table 2 ).
Within-Group Negative Connectivity
In the TD group, activity in bilateral amygdala was negatively correlated with posterior regions including the precuneus/ posterior cingulate, inferior and superior parietal lobules, and frontal regions including dorsolateral prefrontal frontal cortex (DLPFC), and dorsal anterior cingulate cortex (ACC) (Fig. 1 top  panel, B ; Table 2 ). For the ASD group, activity in the bilateral amygdala was negatively correlated with a less extensive network that included the same regions as the TD group except the DLPFC and dorsal ACC (Fig. 1 top panel, C; Table 2 ).
Between-Group Analyses
The TD group showed significantly more positive connectivity with bilateral MT/V5 complex and inferior temporal/fusiform cortex (red circles in Fig. 1 top panel, D ; Table 2 ). The TD group also showed greater negative connectivity with DLPFC and dorsal ACC (blue circles in Fig. 1 top panel, D ; Table 2 ). Relative to the TD group, the ASD group did not show stronger positive or negative connectivity with any regions.
rIFGpo Seed
Within-Group Positive Connectivity
In the TD group, activity in the rIFGpo was positively correlated with activity in other frontal regions, including the precentral gyrus, medial superior frontal gyrus, anterior insula, and ACC, as well as with activity in the inferior and superior parietal lobules (Fig. 1 bottom panel, B; Table 3 ). Activity in the rIFGpo was also correlated with activity in the caudate and putamen. In the ASD group, activity in the rIFGpo was positively correlated with a similar network as the TD group that did not include the left inferior and superior parietal lobules (Fig. 1 bottom panel, C; Table 3 ). In the ASD group, activity in the rIFGpo was also positively correlated with activity in right lateral frontal regions as well as the right nucleus accumbens and thalamus (Fig. 1 bottom panel, C; Table 3 ).
Within-Group Negative Connectivity
In the TD group, activity in the rIFGpo was negatively correlated with activity in regions including the ventral medial prefrontal cortex (VMPFC), precuneus/posterior cingulate, left angular gyrus, left middle temporal gyrus, and left parahippocampal gyrus (Fig. 1 bottom panel, B; Table 2 ). For the ASD group, activity in rIFGpo was negatively correlated with a similar but less extensive network of regions that did not include the VMPFC (Fig. 1 bottom panel, C; Table 2 ).
Between-Group Analyses
The TD group showed significantly more positive connectivity with the left inferior and superior parietal lobules (red circles in Fig. 1 bottom panel, D; Table 3 ). The ASD group showed significantly more positive connectivity with right frontal regions and right nucleus accumbens (purple circles in Fig. 1 bottom panel, D; Table 3 ). The TD group showed greater negative connectivity with regions in the VMPFC (blue circles in Fig. 1 bottom panel, D; Table 3 ). There were no regions showing greater negative connectivity in the ASD group.
Discussion
Here, we examined the functional organization of brain networks in children and adolescents with ASD, as compared with matched controls, during a passive emotional face processing task. We used the bilateral amygdala and the right pars opercularis as seed regions for whole-brain connectivity analyses since these areas have been implicated in atypical socioemotional and face processing in ASD. Overall, the pattern of altered connectivity we observed in ASD for both seeds suggest that ASD is characterized by reduced functional integration and segregation of large-scale brain networks. Specifically, the ASD group showed reduced integration between amygdala and secondary visual areas and between rIFGpo and parietal cortex as well as increased positive connectivity between rIFGpo and several regions in right frontal cortex. Additionally, the ASD group displayed weaker negative correlations (i.e., reduced functional segregation) between amygdala and dorsal anterior cingulate/dorsolateral prefrontal cortex as well as between rIFGpo and ventromedial prefrontal cortex. We interpret these findings in accordance with recent studies that have begun to chart the typical maturation of functional brain networks across development as well as in terms of the known functional roles of the regions/networks positively and negatively connected with each of our seed regions. Additionally, given that group differences may be due to a combination of intrinsic and task-driven connectivity, we interpret our results in the context of previous studies that have carefully characterized differences in intrinsic connectivity as well as differences in task-related regional activation and connectivity in ASD during emotional face processing. (Pezawas et al. 2005; Stein et al. 2007; Roy et al. 2009 ), using the bilateral amygdala as a seed region for a whole-brain functional connectivity analysis, we found that, in TD children, the bilateral amygdala was positively connected to a network of regions which included the hippocampus/parahippocampal gyrus, basal ganglia, thalamus, fusiform gyrus, orbitofrontal gyrus, and ventral ACC (Fig. 1 top  panel, B) . In the TD group, the amygdala was also positively connected with visual regions including the lingual gyrus, occipital poles, and V5/MT complex. Although the first set of regions listed above was functionally connected with the amygdala in a resting-state study of neurotypical adults (Roy et al. 2009 ), visual regions reported here were not correlated with amygdala activity in that study (in fact, they were found to be mostly anticorrelated with amygdala activity). This difference may reflect coactivation between the amygdala and visual areas induced by the task, considering that these regions are strongly engaged by the emotional faces presented in this study (Dapretto et al. 2006; Pfeifer et al. 2008; see Supplementary Material) .
Children with ASD displayed connectivity between the bilateral amygdala and each of the same regions as the TD group, except that they exhibited reduced connectivity with secondary visual areas including bilateral V5/MT complex and the right fusiform gyrus (see red circles in Fig. 1 top panel, D) . Reduced connectivity between secondary visual areas and amygdala in the ASD group is consistent with reduced connectivity between fusiform face area and amygdala found by Kleinhans et al. (2008) . In previous face processing activation studies, hypoactivation of the amygdala (Critchley et al. 2000; Wang et al. 2004 ) as well as fusiform gyrus (e.g., Schultz et al. 2000; Pierce et al. 2001 ) have been consistently reported. However, amygdala and fusiform hypoactivation have been shown to be highly dependent on task demands (Hadjikhani et al. 2004; Wang et al. 2004) , familiarity (Pierce et al. 2004 ), or time fixating on eyes (Dalton et al. 2005) . In the present study (see Supplementary Fig. 1 ), TD children showed heightened activity in the fusiform gyrus and amygdala; however, post hoc analyses found no correlations between task-related activation in either the fusiform gyrus or amygdala and the level of fusiform--amgydala connectivity. Furthermore, reduced amygdala--V5/MT/fusiform connectivity was still observed in analyses where task-related activity was regressed out (see Supplementary Material and Fig. 4) . Thus, it is unlikely that between-group differences in task-related activity is driving the observed connectivity effect. Reduced connectivity between amygdala and secondary visual areas fits well with the general underconnectivity theory (Just et al. 2004 ) and highlights a pattern of reduced functional integration in a distributed network involved in processing facial affect.
Negative Connectivity A network of regions was found to be negatively correlated (i.e., segregated) with activity in the amygdala. In the TD group, this network largely overlapped with regions previously reported to be anticorrelated with activity in the amygdala (Pezawas et al. 2005; Stein et al. 2007; Roy et al. 2009 ; Fig. 1 top  panel, B) including the precuneus/posterior cingulate, dorsal ACC, and DLPFC. Frontal regions including the dorsal ACC and DLPFC have been associated with cognitive processes (e.g., reasoning and rationalizing) that are deemed important for regulating emotional reactions stemming from the amygdala and limbic system (e.g., Hariri et al. 2000 Hariri et al. , 2003 Phillips et al. 2003) . In a structural equation modeling study performed during an emotion processing task, the precuneus/anterior cingulate and dorsal ACC were shown to have a negative influence on amygdala activity (Stein et al. 2007) . Reduced negative connectivity between these frontal regions and the amygdala has been found in affective disorders such as major depression and bipolar disorder (Almeida et al. 2009; Chepenik et al. 2010) .
Interestingly, while children with ASD did show a similar, although relatively weaker, network of regions anticorrelated with amygdala activity, they did not show anticorrelated activity between the bilateral amygdala and the dorsal ACC and DLPFC (see blue circles in Fig. 1 top panel, D) . This between-group difference remained in analyses conducted without global signal regression (see Supplementary Material and Figs. 2 and 3 ). Although stronger negative connectivity for the TD group could also be interpreted as stronger positive connectivity for the ASD group, given the previous literature on frontal regulation of the limbic system (e.g., Hariri et al. 2003; Stein et al. 2007 ), we take this difference to more likely reflect stronger frontolimbic decoupling in TD children. Future studies using methods better suited for capturing regulatory interactions (such as psychophysiological interaction) may be able to more definitively address these competing accounts.
rIFGpo Seed
Positive Connectivity
Using the rIFGpo as a seed ROI for whole-brain functional connectivity, we found that, in the TD group, the rIFGpo was positively connected to a network of regions largely resembling the task-positive network that has been associated with externally directed, attentionally demanding tasks (Fox et al. 2005 ; Fig. 1 bottom panel, B) . This network includes the precentral gyrus, anterior insula, anterior cingulate, medial superior frontal gyrus, inferior/superior parietal lobule, and lateral occipital gyrus. Although a finer classification of the task-positive network might place the rIFGpo into the salience/ cingulo-opercular subnetwork, as opposed to the frontoparietal executive subnetwork Seeley et al. 2007 ), our seed-based approach, using the rIFGpo as a seed region, generated connectivity maps resembling the entire task-positive network.
While children with ASD also displayed connectivity between the rIFGpo and a similar network as observed in the TD group, there was notably decreased connectivity with regions increasingly distant from the seed (Fig. 1 bottom  panel, C) . Group differences were significant for regions in the contralateral parietal lobe, which included the inferior and superior parietal lobules (see red circles in Fig. 1 bottom  panel, D) . This finding is consistent with multiple task-based studies (e.g., Just et al. 2004; Koshino et al. 2005; Kana et al. 2007 ) which reported reduced connectivity between frontal and parietal regions in individuals with ASD, supporting the underconnectivity theory (e.g., Just et al. 2004 Just et al. , 2007 as well as dysfunction of the canonical MNS (Nishitani et al. 2004; Dapretto et al. 2006; Oberman and Ramachandran 2007) .
Reduced connectivity along this anterior--posterior axis is also strongly associated with an immature pattern of functional integration in neurotypical individuals Fair et al. 2008 Fair et al. , 2009 Kelly et al. 2009; Dosenbach et al. 2010) . Given that the IFGpo is part of the functionally significant cingulo-opercular/salience network Seeley et al. 2007 ), our findings provide support for the notion that this network may be a hub of dysfunction in autism (Uddin and Menon 2009; Ebisch et al. 2010) and, more specifically, that altered connectivity within this network may be related to socioemotional functioning.
The ASD group showed a pattern of greater intralobar or ''local'' connectivity with frontal regions relatively proximal to the seed that included right superior frontal cortex and right lateral orbital cortex (see purple circles in Fig. 1 bottom  panel, D) . Greater connectivity between the rIFGpo and other right frontal regions fits well with theoretical accounts of greater local connectivity in ASD (Belmonte et al. 2004; Courchesne and Pierce 2005; Geschwind and Levitt 2007) , as well as empirical findings of corticocortical overconnectivity in adults with ASD (Welchew et al. 2005; Noonan et al. 2009; Shih et al. 2010) . Consistent with our findings, Shih et al. (2010) examined connectivity in the imitation network (Iacoboni et al. 1999; Nishitani et al. 2004 ) and found aberrantly stronger connectivity between IFGpo and superior frontal cortex. They discussed aberrantly increased corticocortical connectivity as either reflecting a compensatory mechanism in ASD or being related to early brain growth anomalies that lead to aberrant segregation of functional networks. In studies of typical development, increased functional segregation between networks as measured by reduced local connectivity has been consistently found in adults compared to children (e.g., Kelly et al. 2008; Fair et al. 2009; Dosenbach et al. 2010) . Moreover, weakening connections between nodes of different networks were found to be twice as powerful at predicting brain maturity than increasing functional integration within networks (Dosenbach et al. 2010) .
In addition to greater local frontal connectivity, the ASD group also showed greater connectivity than the TD group between the rIFGpo and right nucleus accumbens (see purple circle in Fig. 1 bottom panel, D) . Greater striatocortical (Turner et al. 2006; Di Martino et al. 2010 ) and thalamocortical (Mizuno et al. 2006; Di Martino et al. 2010 ) connectivity have previously been found in adults with ASD. Thus, greater corticosubcortical connectivity appears to be a robust finding in ASD that does not fit with a pattern of local/intralobar overconnectivity. Turner et al. (2006) hypothesized that increased connectivity in basal ganglia--cortical circuits in ASD is related to executive impairments and may also reflect a compensatory mechanism associated with repetitive and stereotypic behaviors. Mizuno et al. (2006) speculated that increased thalamocortical connectivity in ASD might be related to increased arousal and sensory hypersensitivity as well as reduced sensory gating, although there is little evidence directly relating these alterations to specific ASD symptomatology. Interestingly, a recent developmental connectivity study found that subcortical--cortical connectivity is stronger in children compared to adults (Supekar et al. 2009 ). Thus, a parsimonious, although not mutually exclusive, explanation for each of the major patterns of aberrant connectivity reported in the literature, including the present study, is that they may altogether reflect the relatively ''immature'' integration and segregation of functional brain networks in ASD. While increased subcorticocortical connectivity has been found in typical children compared to adults, it is still unclear to what extent increased subcortical--cortical connectivity in ASD may reflect immature versus aberrant patterns of connectivity (Di Martino et al. 2010) .
Negative Connectivity A network of regions that closely resembles the task-negative network or DMN (Raichle et al. 2001; Greicius et al. 2003 ) was found to be anticorrelated (i.e., functionally segregated) with the rIFGpo. In TD children, the network of regions anticorrelated with activity in the rIFGpo included the precuneus/posterior cingulate, left angular gyrus, left parahippocampal gyrus, and VMPFC. The DMN and task-positive network have been shown to consistently display an anticorrelated relationship (Fox et al. 2005 Fransson et al. 2005; Chang and Glover 2009 ) and despite the controversy regarding global signal regression and anticorrelated networks (Murphy et al 2009; Fox et al. 2009 ; see Supplementary Material) recent work has suggested that the degree of anticorrelation between these networks is biologically meaningful (Kelly et al. 2008; Whitfield-Gabrieli et al. 2009; Hampson et al. 2010) .
Children with ASD showed a similar, albeit weaker, network of regions anticorrelated with the right IFGpo, which included the posterior components of the DMN. In particular, the ASD group lacked a significant negative relationship between activity in the rIFGpo and VMPFC (see blue circles in Fig. 1 bottom panel, D) . Reduced anticorrelation (or increased positive correlation) between the task-positive network and the DMN is consistent with reduced functional segregation between these two networks. In a developmental study, Stevens et al. (2009) found reductions in positive interactions between a task-positive executive control network and the DMN in children as compared with adults. The authors suggested that increased segregation between these two networks might allow for more flexible processing as a function of development. Therefore, reduced segregation between these networks found here in ASD is also consistent with the notion that ASD is characterized by an ''immature'' pattern of functional segregation between major cognitive networks. It is interesting to note that Iacoboni (2006) and Uddin et al. (2007) have previously discussed how the MNS and DMN are ''two sides of the same coin,'' whereby the MNS is involved with simulation of physical and external aspects of self (and others), whereas the DMN is related to more internal and higher level mental-state attribution aspects of self (and others). Reduced segregation between these systems reported here in ASD and during typical development ) may therefore reflect immature development of one's internal and external representations of self and others.
Our finding that the ASD group showed an anticorrelated relationship between the rIFGpo and the posterior portion of the DMN but not the VMPFC also suggests that the DMN itself is not as well connected in the ASD group. In fact, post hoc analyses (not shown) that used the VMPFC as an additional seed region confirmed that there was reduced functional integration between this frontal DMN region and the posterior parietal components of the DMN in our sample. In line with recent resting-state studies ( 
Conclusions and Future Directions
By using a seed-based connectivity approach to examine communication between brain regions implicated in the processing of facial affect, we found several patterns of altered connectivity suggesting that brain networks in ASD are characterized by reduced functional integration and segregation. To our knowledge, this is the first study to report both decreased long-range connectivity and reduced functional segregation as indexed by increased local connectivity and reduced anticorrelations, respectively. Our findings fit well with theoretical accounts of altered connectivity in ASD and provide a framework whereby connectivity disturbances in ASD can be understood in terms of multiple interacting systems across development. By carefully considering methodological concerns and characterizing connectivity both in terms of integration and segregation, our study may help explain previously conflicting reports of decreased (e.g., Just et al. 2004; Weng et al. 2010 ) but also increased connectivity in autism (e.g., Noonan et al. 2009; Shih et al. 2010 ). More generally, our findings suggest that measuring connectivity of neural systems-during task performance and/or resting state-may provide a more sensitive marker of abnormalities in brain function in autism than focusing exclusively on regional activation patterns.
Reduced functional integration and segregation of corticocortical and corticosubcortical networks in ASD are perhaps not surprising given that ASD is a neurodevelopmental disorder associated with reduced engagement in social interactions. However, the extent to which reduced functional integration and segregation may simply reflect immature or delayed connectivity, as opposed to, altered connectivity that is specific to autism and/or related to compensatory mechanisms, remains to be determined. A recent basal ganglia resting-state study in ASD found that although some increased corticosubcortical connectivity in ASD appeared ''immature,'' most of the altered connectivity appeared to reflect ''developmental derangement'' or aberrantly high subcorticocortical connectivity (Di Martino et al. 2010) . Future experiments, including longitudinal studies, should also focus on disentangling how a history of altered engagement with the environment may affect connectivity versus how early brain abnormalities may directly lead to altered connectivity patterns.
A more careful examination of how corticocortical and corticosubcortical connectivity changes across typical development as compared with ASD is also needed. The majority of previous connectivity studies in ASD were performed with adults with ASD, whereas our sample consisted of children and adolescents. A greater reduction in connectivity for adolescents with ASD as compared with adults with ASD has recently been observed in the DMN (Monk et al. 2009; Weng et al. 2010) , suggesting that the development of intrinsic connectivity networks shows a more protracted development in ASD and that differences may become subtler by adulthood. Future studies should more carefully investigate this possibility as well as focus on typical and atypical development in even younger populations, given that measures of connectivity can easily be acquired during resting-state scans with little concern about adequate task performance. Importantly, resting-state connectivity could also be examined in lower functioning individuals, a highly understudied population in the existing neuroimaging literature.
One limitation of the present study, as well as of prior work, is the difficulty of teasing apart the relative contributions of task-related and intrinsic connectivity in determining the observed between-group differences. Although we attempted to control for attention and alertness, we cannot completely rule out the possibility that subtle differences in these behavioral variables may have contributed to the connectivity differences observed between TD children and children with ASD. It should also be noted that, although resting-state studies minimize task-induced connectivity, differences in covert cognition might partially drive group differences (Kennedy and Courchesne 2008b) . Future studies that directly compare measures of connectivity acquired during resting state versus task performance should prove useful in this respect. Furthermore, the extent to which aberrant functional connectivity in ASD is related to underlying cortical development such as synaptic pruning, myelination, or other processes remains largely unknown. Despite growing evidence that predisposing genetic and environmental factors may lead to altered neuronal migration and synaptic formation (Betancur et al. 2009 ), dysfunctional microcircuitry (Casanova et al. 2002) , early brain overgrowth (Courchesne et al. 2003) , and disordered structural connections (e.g., Herbert et al. 2004; Sundaram et al. 2008) , little work thus far has directly linked any of these findings with altered functional connectivity in ASD (Scott-Van Zeeland et al. 2010) . Finally, and perhaps most importantly, future studies in this line of research should also strive to be directly relevant to clinical outcomes (Fox and Greicius 2010) . For example, characterizing functional brain networks in individuals at risk for ASD may eventually be used for earlier diagnosis or for developing individualized behavioral and pharmacological interventions.
